ABSTRACT A study in vitro of specimens of human aortic and common carotid arteries was carried out to determine the feasibility of direct measurement (i.e., not from residual lumen) of arterial wall thickness with B mode real-time imaging. Measurements in vivo by the same technique were also obtained from common In our laboratory the measurement of the intimal + medial thickness has been attempted by the use of the noninvasive technique of B mode real-time imaging. This approach is currently used to measure organ dimensions5' 6 as well as atherosclerotic lesions.7 A multicenter validation trial is now being conducted to determine the accuracy of B mode imaging vs that of angiography and histology.8 However, the potential of B mode imaging for direct measurement (i.e., not that from residual luminal size) of arterial wall thickness has not been assessed as yet.
EXPERIMENTAL STUDIES on nonhuman primates' and on human subjects2' indicate that atherosclerotic lesions may progress without a reduction in luminal size because of dilatation of the arterial wall. The correct estimation of the size of atherosclerotic lesions therefore requires the simultaneous measurement of arterial wall thickness and residual luminal size. Atherosclerotic lesions in peripheral and carotid arteries are generally evaluated by the measurement of luminal size by invasive methods such as contrast angiography or by noninvasive ultrasound techniques. Gross and microscopic pathologic examination allows measurement of arterial wall thickness in tissue specimens only.
In our laboratory the measurement of the intimal + medial thickness has been attempted by the use of the noninvasive technique of B mode real-time imaging. This approach is currently used to measure organ dimensions5' 6 as well as atherosclerotic lesions.7 A multicenter validation trial is now being conducted to determine the accuracy of B mode imaging vs that of angiography and histology.8 However, the potential of B mode imaging for direct measurement (i.e., not that from residual luminal size) of arterial wall thickness has not been assessed as yet.
In a previous study9 we found a significant correlation between results of gross pathologic evaluations and measurements by B mode imaging of arterial wall thickness. This study, however, was conducted on a limited number of normal or moderately diseased arterial segments.
The objectives of this study were (1) to determine the anatomic structures involved in ultrasound energy reflection in the arterial wall, (2) to determine the accuracy of intimal + medial thickness measurements by B mode imaging by comparison with findings of gross and microscopic pathologic examinations in nor-mal and pathologic arterial segments, and (3) to assess the feasibility of the measurement of intimal + medial thickness of arterial walls not only in vitro but also in vivo in human subjects.
The investigations were carried out in vitro with specimens of human aortas and common carotid arteries and in vivo in common carotid arteries of normal human subjects.
Materials and methods
Selection and procession of autopsy material. Abdominal aortas and common carotid arteries were removed at autopsy from 18 male subjects (age range 20 to 74 years), 12 to 20 hr after death.
Processing of aortic tissue. Aortic tissue was processed as previously described.9 Briefly, after longitudinal opening, rectangular strips (2 x 4 cm) of washed aortic tissue were longitudinally distended with a Plexiglas holder and fixed with formalin (10% for 10 hr). The segments to be studied were held in place with two metallic pins.
Processing of the common carotid artery. Common carotid arteries from young subjects (age range 20 to 25 years) were cannulated and perfused under pressure (90 mm Hg) with 10% buffered formalin for 10 hr.2 After ultrasound interrogation, arteries were longitudinally opened and processed for gross and microscopic examination.
For experiments in situ common carotid arteries were cannulated during autopsy (24 to 30 hr after death) with a Foley catheter (Rusch-Gold Balloon catheter, SILKOLATEX. West Germany) and flushed under pressure (-120 mm Hg) with saline. The arteries were processed as described for aortic tissue.
Gross and microscopic pathologic evaluation and classification. The specimens were cut longitudinally between two metallic pins previously fixed 10 mm apart to define the segment of interest. After ultrasound interrogation the specimens were stained for 12 hr in a supersaturated Sudan IV 38% isopropyl alcohol solutionl0 and then washed for 1 hr. After lipid staining, gross pathology of the artery was evaluated by a Zeiss operative microscope at 10 x magnification. The media was differentiated from the adventitia on the basis of the color and consistency. The Experiments in situ were performed on common carotid arteries during autopsy (n = 3). B mode evaluations were carried out in situ on the same carotid arteries with and without the tissues located between the outer side of the vessels and the ultrasound probe (skin, subcutaneous tissue, and muscles). Scans were carried out in the anteroposterior and laterolateral planes of the lower and higher third of the common carotid arteries. After ultrasound interrogations the carotid arteries were removed and processed.
Experiments in vivo were carried out in 10 young subjects (age range 20 to 29 years) with no clinical sign of atherosclerotic disease.
The subjects were kept supine with the head slightly extended. Two longitudinal scans were performed in the anteroposterior and coronal planes of the lower and higher third of the right and left common carotid arteries. In both studies in vitro and in vivo only the far (deeper) wall image was evaluated.
Identification of the anatomic structures generating the B scan pattern. To define the anatomic structures generating the B scan pattern 10 of the 1 16 aortic specimens (five from class A and five from class B) were examined in dissection experiments. A 1.5 to 2.0 mm deep excision of the intima was performed in five class B arteries. These specimens were then interrogated by ultrasound and evaluated by microscopy. The findings on the B scan images obtained in the region of the inlay were compared with the structural changes induced by dissection in the arterial wall. To define the anatomic structures generating the outer line, arterial segments with and without the adventitia and the periarterial tissues were interrogated by ultrasound and evaluated by light microscopy.
Quantitative ultrasound and pathologic measurements were also made to determine the correlation between the B mode image and the anatomic structures. The distance separating the inner and outer lines shown in figure 1 showing homogenous thickness was selected, and a distance of 10 mm was delimited with two metallic pins. This procedure was undertaken to avoid the error that might result from making measurements with the three methods at slightly different points. (2) ----------------------------------------------------------- aortic segments (12 of 61) the double line pattern was absent, whereas it was present but more complex in 9% and in 31% of class A and B aortic segments, respectively. The characteristic double line pattern was found in the far wall of all the common carotid arteries evaluated in vitro (figure 2).
Identification of the structures generating the double line pattern. Five class B aortic specimens were prepared to identify the structures generating the inner echogenic line of the double line pattern. A small portion of the arterial wall was excised from the luminal side. The excision was found, by light microscopy, to be confined within this tunica. In these specimens the intimal/medial transition and the more peripheral layers were unchanged ( figure 3) . The B scan image generated by the five dissected arteries showed the disappearance of the inner line at the level of the inlay. This finding demonstrates that the inner line is generated by the intimal surface. In all of the five class A arteries the adventitia was completely removed from the media as confirmed by histologic examination (figure 4). The B scan image of each of these specimens showed the disappearance of the outer line in the region without adventitia, indicating that this line was generated by the adventitia.
To determine the anatomic structures delimited by the inner and the outer lines of the double line pattern, the distance between these two lines was measured In addition, the absolute and the percent differences were significantly lower when the ultrasound images were typical as opposed to complex (absolute error 0.12 + 0.09 and 0.47 ± 0.38 mm for typical and complex ultrasound images, respectively; percent error 8.8 ± 5.7% and 22.1 ± 16.0% for typical and complex ultrasound images, respectively). Measurements of intima + media in situ obtained with intact superficial tissues yielded values not significantly different from those obtained in exposed carotid arteries (l.1l1 + 0.14 andl.08 + 0.19 mmfor in situ and exposed arteries, respectively, n -3; absolute error 5.25 ± 1.65%). Thickness data obtained in vitro in pressure-fixed vessels on the arterial segment identified by the balloon and the clip were 10% lower than those obtained in situ or in the exposed arteries (0.99 ± 0.29 mm, n = 3). This difference could be attributable to an effect of fixation.
B mode experiments to evaluate intimal + medial thickness of common carotid arteries in 10 living subjects showed that the double line pattern was present at the far wall of all the common carotid arteries considered (n = 20). B mode intimal + medial thickness measured in vivo was 0.53 ± 0.05 mm (n = 20). No significant difference was found between the mean values in common carotid arteries evaluated in vitro and in vivo by B mode imaging.
Discussion
Our investigations show that a characteristic B mode image is consistently generated in vitro at the far wall level by most arterial walls (100% of class A and 85% of class B arteries).
It is relevant to note that, most likely due to the different order in which the interfaces of the intima/lumen and media/adventitia are exposed to the incoming ultrasound beam, the B mode images of the near (more superficial) and far (deeper) walls are different. Our experiments were performed only on far walls because they could be more constantly and repeatably visualized, and therefore our conclusions can be applied only to far walls.
The characteristic B scan pattern of class A arterial walls shows two parallel echogenic lines separated by a relatively hypoechoic space (the double line pattern) ( figure 1) . A similar acoustic behavior of the arterial wall has been previously reported in vitro9-1`20 and in vivo21. 22 in normal and diseased human carotid arteries. In experiments in which a disection confined to the intima was produced in class B aortic specimens the luminal intimal transition was profoundly modified, but the intimal medial transition remained unmodified (figure 2). The inner line change found on the B mode image must be caused by an alteration in the generating structure: this line can thus be identified as the luminal/intimal transition. These experiments were performed only in class B arteries, since the intimal thickness of class A specimens did not allow a careful dissection. On the other hand, the removal of the adventitia from the media resulted in the disappearance of the outer line, indicating that the adventitia was responsible for the echoes representing this line.
Since the time-gain compensation setting of the in- (3) regarding the accuracy of B mode imaging, a percent error of less than 20% has been found in 77% of the arterial specimens of both classes (normal and pathologic), and (4) the accuracy of B mode imaging depends on the presence of a typical B scan image. In 85% of class B arterial specimens a characteristic B mode image was found and in 59% of specimens of the same class the image was typical and easy to interpret.
We conclude that B mode imaging represents a useful tool for the detection and monitoring of changes in intimal + medial thickness, allowing the evaluation of changes in the arterial wall in areas without localized plaques. At the present time, it is difficult to determine whether this information will be of clinical relevance.
It is possible that early changes in vascular thickness will later result in atheroma; they could on the other hand evolve only in a diffuse intimal thickening and have no hemodynamic relevance. It is also not known whether a relationship exists between the morphologic changes in the vessel wall detected by our method (thickening) and local damage to the endothelial layer, which can induce alterations of potential clinical relevance. The noninvasive nature of this new approach is a recommendation for its use in the preclinical diagnosis and follow-up of patients with atherosclerosis.2425
